The reduction of aldehydes by flavohydroquinone to yield the corresponding alcohols and flavoquinone is reported and discussed in view of its relevance to the mechanism of flavin-dependent dehydrogenation and carbonyl activation. With formaldehyde and flavohydroquinone formation of a covalent 5-(HO -CH2)Flred~ intermediate species is observed. In a reverse reaction 5-methylflavoquinonium cation undergoes an internal redox reaction to yield flavohydroquinone and formaldehyde.
The reduction of aldehydes by flavohydroquinone to yield the corresponding alcohols and flavoquinone is reported and discussed in view of its relevance to the mechanism of flavin-dependent dehydrogenation and carbonyl activation. With formaldehyde and flavohydroquinone formation of a covalent 5-(HO -CH2)Flred~ intermediate species is observed. In a reverse reaction 5-methylflavoquinonium cation undergoes an internal redox reaction to yield flavohydroquinone and formaldehyde. Table I . Reoxidation of 3-carboxymethyl-l,5-dihydrolumiflavin (7 x 10 -5 M) by carbonyl compounds R1R2C = 0 (2 x 10 -1 M) . The dihydroflavin was obtained in solution by photoreduction of Fl0x with a 5-fold excess of EDTA in a solvent mixture of 10% acetate buffer pH 5 (10 -1 M) and 90% methanol. The reaction was followed spectrophotometrically (E445 ,cf. Fig. 1 ).
Requests for reprints should be sent to Prof. Table I with the half times given.
As seen from the Table I , electron withdrawing residues seem to be a prerequisite for the carbonyl reduction. The rate of the reaction increases from <1 : 10 : 10 2 : 10 4 in the series nicotinic, picolinic, isonicotinic and A / -methyl-isonicotinium aldehydes.
Keto acid esters are also attacked, while the corresponding acid anions are not. The flavohydroquinone anion (5-HFlred~, cf. reaction scheme below), furthermore, reacts five times faster than the neutral dihydroflavin with chloral hydrate, as might be expected.
The reaction mechanism is assumed to imply fast formation of a "flavin-substrate o-complex" through a preequilibrium A, which is normally favoring the dissociated reactants. This can be concluded from the spectra in Fig Table I in phosphate buffer pH 7 (10 -1 M) . 1: after mixing, 2: after 20 min, 3: after 45 min, 4: end of the reaction after 240 min. Curves 1 and 4 correspond to fully reduced and fully oxidized flavin respectively. Trichloroethanol was identified by gaschromatography as reduced product.
hydroxy-alkyl)-Flre(i~ (cf* 5 )* ^-complexation between the reactants should not play an essential role since this would not explain the large difference in reactivity between nicotinic and picolinic substrates. An exceptional case of the equilibrium A favoring the adduct was found for formaldehyde ( At this point one is left to explain the reaction mechanism of electron transfer (B) from the (reduced) flavin nucleus to the substituent. In this context it proves helpful to consider the reverse reaction, i. e. transfer of electrons from the substituent to the (oxidized) flavin nucleus: It can be shown 9 that 5-methyl-flavoquinonium Perchlorate is decaying in an internal redox reaction according to the equation 5-CH3Flox + + H20 1,5-HoFlred + CH20 + H + .
Since formaldehyde is formed, oxidation must occur at C(5a) at the expense of reduction of the nucleus. Hence we propose the following mechanism for the whole reaction sequence:
The last step, B3, is always irreversible and is probably slow for the case of RX = R2 = H, but fast for residues bigger than ethyl (Rx = H, R2 = CH3) which are good "leaving groups", e. g. isopropyl, t-butyl, benzyl or allyl 9 .
Step B2 is nothing but a prototropy between positions C(5a) and N(l), which should be base catalyzed, but it accounts at the same time for the intramolecular shift of formal redox equivalents, i. e. between the alkylflavoquinonium and the alkylidene-flavohydroquinonium state. 
Photolysis of riboflavin
The formation of a species with an absorption maximum around 410 nm, observed during the neutral photolysis of 10-(2'-hydroxyalkyl) flavins by earlier authors, is shown to depend on the presence of divalent anions. The structure of this new type of compounds is presented and a possible mechanism for the reaction is discussed.
MASSEY 1 and HOLMSTRÖM 2 have reported that a species with an absorption maximum around 410 nm is formed on illumination of riboflavin and FMN. A similar compound has been isolated as a second chromophore present in preparations of the flavoprotein, glycolic acid oxidase 3 . To facilitate identification of this new chromophore we have studied flavin derivatives with monofunctional N(10) substituents.
A non-fluorescent compound with an absorption maximum at 412 nm is formed under both anaerobic and aerobic conditions during the photolysis of 10-(2'-hydroxypropyl) flavin (1, R = CH3). The 412 nm product is stable towards light. It is formed in the presence of high concentrations of divalent anions A 2-(e. g. 2 M phosphate, sulfate). Only small amounts are formed in the presence of 1 M succinate. It is not formed in the presence of high concentrations of monovalent anions (e. g. 2 M Perchlorate, acetate). These results indicate that the formation of the 412 nm product is induced by the presence of divalent anions in which the negative charges are attached to the same central atom (as in phosphate and sulfate) rather than separated as they are in succinate.
Requests for reprints should be sent to Prof. Dr. P. HEM-MERICH, Fachbereich Biologie der Universität, D-7750 Konstanz, Germany. In the absence of divalent anions the rate of photolysis is decreased by a factor of 10 and lumichrome is the major reaction product, 10-(2'-ketopropyl) flavin (3, R = CH3) being formed as a minor product. Analogous products have been obtained from photolysis in water 4 . The effect of phosphate concentration on the aerobic photolysis of 1 (R = CH3) is shown in Fig. 1 .
The amount of 412 nm product formed and the rate of photolysis is also pH dependent. At pH 5 no 412 nm product is formed. The yield of 412 nm product increases as the pH is increased and reaches a maximum around pH 9. Using sulfate as the divalent anion, an apparent pK around 6.5 is obtained by plotting either the rate of disappearance of the starting flavin (as measured by the decrease in absorbance at 445 nm) or the rate of product formation (as measured by the increase in absorbance at 412 nm) as a function of pH. A similar pK has been observed for the photoreduction of flavins by a variety of substrates 5 .
Similar to the starting flavin, the 412 nm product exhibits 2 pK's. The spectral properties of the cationic, neutral, and anionic forms are summarized below.
